[1] The regolith at the Apollo 16 landing site, the only Apollo landing site in the central lunar highlands, contains material derived from a number of sources. A model that accounts for the introduction of basin ejecta and mixing of the megaregolith is used to estimate the abundance of basin material in the Apollo 16 regolith. Megaregolith mixing model estimates of the abundance of primary ejecta from the Imbrium, Serenitatis, and Nectaris basins are found to be present in roughly equal (8-10%) proportions. Additionally, the presence of mare-derived material in the Apollo 16 regolith suggests that a significant component of the regolith (15-23%) is derived from lateral transport. There are inherent difficulties in directly comparing model results with ground truth at Apollo 16. Results suggest shallower mixing during ejecta emplacement than predicted by Oberbeck et al. (1975) .
Introduction and Background
[2] The lunar surface is marked by impact craters of all sizes, ranging from submillimeters to several thousand kilometers in diameter. Although impacts that form craters have occurred throughout lunar history, the formation of the largest of these craters, known as basins, is believed to be limited to the early history of the Moon (before 3.85 Ga) [e.g., Wilhelms, 1987; Ryder, 2002] . During this early period, basins ejected a large amount of material that was distributed across the Moon and mixed with surrounding surface materials. This repetitive process created a zone of mixed material at the surface of the Moon ranging from a few meters to several kilometers deep [Arvidson et al., 1975; Hörz et al., 1991] . This mixed zone, created early in lunar history and continuously modified by subsequent smaller impacts, is known collectively as the megaregolith. Concurrent with and following the formation of the basins, smaller impacts modified the megaregolith, creating a finescale, meters-deep mixed zone known as the regolith. Our primary motivation for the study presented here is to evaluate a basin ejecta and megaregolith mixing model at a location in the lunar highlands that has been sampled so that the constraints of the model can be understood with more confidence. This work will then allow the model to be used to describe the origin of megaregolith elsewhere on the Moon.
[3] Starting in the late 1960s, planetary scientists developed quantitative models describing the effects of the cratering process on the lunar surface. Early models were based on measurements of terrestrial impact and explosion craters and on remote observations of lunar impact craters.
For instance, models were developed to predict the thickness of ejecta surrounding lunar craters and were used to estimate how much material had been introduced to the Apollo landing sites by specific nearby basins [McGetchin et al., 1973; Pike, 1974] . Additionally, Oberbeck et al. [1975] developed a model to describe the mixing that occurs during ejecta emplacement. The Oberbeck mixing model provided a means for estimating the proportion of locally derived material relative to the amount of foreign material introduced to any given location by a crater or basin. The Oberbeck model was initially used to describe numerically the character of the deposits from craters and the large nearside basins [Head, 1974] . Subsequently, the Oberbeck model has been utilized to estimate the proportion of foreign to local material in the regolith at several locations on the lunar surface [Pieters et al., 1985; Head et al., 1993; Blewett et al., 1995] .
[4] Each of the Apollo missions to the Moon sampled a wide range of materials derived locally from the immediate surroundings as well as foreign material derived from more distal regions. For example, in their analysis of Apollo 11 samples, Wood et al. [1970] identified anorthositic material in the predominately mare regolith. Analysis of the Apollo 11 site using remote sensing techniques [Staid et al., 1996] and geochemical analysis of regolith samples with particle sizes less than 1 mm [Korotev and Gillis, 2001] indicate that some portion of this anorthositic material was introduced to the site via lateral transport. The presence of material foreign to the local geology illustrates the significant role of impact cratering in lunar surface modification through the lateral redistribution of material. Additionally, the ubiquitous presence of impact breccia in the regolith at the Apollo 16 site led many to conclude that the megaregolith had been significantly modified by materials from an impact basin or basins [e.g., Hodges et al., 1973; Head, 1974; Ulrich et al., 1981; Spudis, 1989] .
[5] The specific origin of the breccias at Apollo 16 was not obvious initially, and is still subject to debate. The early application of crater ejecta models generated several diverse hypotheses. In estimating the contribution of basin material to the Apollo 16 site McGetchin et al. [1973] employed a crater ejecta scaling equation and concluded that the Imbrium basin contributed a small amount of material relative to that of the Nectaris basin. Head [1974] utilized photogeologic interpretation of the Apollo 16 region to conclude that the Nectaris basin was the dominant basin that modified the region, and therefore that it must have contributed a great deal of material to the surface. In contrast, Oberbeck et al. [1974] utilized ejecta mixing equations in concluding that the Imbrium basin was the dominant basin that modified the Apollo 16 region.
[6] Two recent integrated models have been used to describe the nature of various components in the regolith due to the redistribution of material by basin-forming impacts [Haskin et al., 2003a; Petro and Pieters, 2004a] . The Haskin et al. [2003a] model characterizes individual basin-derived ejecta deposits within a given area or ''square of interest'' (SOI). Haskin's model contains a number of steps, each of which evaluates characteristics of a given basin's ejecta deposit within a SOI. These attributes are modeled in detail and include the mass of primary ejecta, the size, distribution, and excavation efficiency of secondary craters, and the fraction of primary basin ejecta in each deposit. The model by Petro and Pieters [2004a] estimates the total amount of foreign and locally derived material in the megaregolith at a single location on the lunar surface following the formation of all recognized basins. The model utilizes several parameters, each of which can be varied systematically in order to evaluate a range of possible scenarios. The basin ejecta mixing (BEM) model of Petro and Pieters [2004a] can also be used to estimate the depth of the mixed zone as well as the amount of material derived from any basin present in the megaregolith following the basin formation period.
[7] While the Haskin et al. [2003a] and Petro and Pieters [2004a] models are similar in that they quantify the effects of basin formation and describe the average properties of basin ejecta deposits, they are different in that they address distinct issues relating to basin ejecta emplacement and can be used to serve independent purposes. For example, the Haskin model characterizes, in substantial detail, the nature of individual basin deposits within a SOI while the Petro and Pieters BEM model describes the bulk properties of components across the megaregolith. In modeling basin ejecta emplacement, the BEM model utilizes simplifying assumptions while the Haskin model quantifies several aspects of the ejecta emplacement process. Both models make the assumption that topography does not effect ejecta emplacement and that ejecta distribution is continuous about the center of a basin.
[8] Both Haskin et al. [2003a] and Petro and Pieters [2004a] applied their respective models to evaluate the regolith components at roughly the same area in the center of the South Pole-Aitken Basin (SPA). The Petro and Pieters study evaluated the effects of a range of parameters, while the Haskin study focused on a narrower range of scenarios. Despite the different approaches of the two models, they reached a similar conclusion, namely that the central region of SPA is dominated by locally derived regolith components.
[9] In modeling the Apollo 16 regolith, we focus specifically on estimates of the contributions from the Nectaris, Serenitatis, and Imbrium basins. We use the Petro and Pieters [2004a] approach modified to include post-basinformation regolith components. We present the approach in this paper as a complement to the detailed work of Haskin et al. [2003a] . We seek to improve upon the simpler BEM model in order to better address global issues associated with the effects of basin formation on the Moon. For individual regions the interested reader is encouraged to apply the detailed approach of Haskin et al. [2003a] for comparison. In improving upon the BEM model, we evaluate different degrees of mixing during basin ejecta emplacement (Oberbeck m parameter) as well as the extreme case of no mixing (where ejecta is deposited as layers). The results of these calculations are then compared to geochemical estimates of the amount of Imbrium basin material sampled at the Apollo 16 site. Lunar-wide effects of basin formation are discussed elsewhere Pieters, 2005, 2006 ; N. E. Petro and C. M. Pieters, The lunar-wide effects of basin formation on the lunar crust, manuscript in preparation, 2006].
Setting of the Apollo 16 Site
[10] The Apollo 16 mission landed in the Descartes Highlands, a region that was later determined both by sample analysis and by photogeologic interpretation to have been significantly modified by ejecta derived from surrounding basins [Hodges et al., 1973; Wilhelms, 1987] . Amongst the Apollo landing sites, Apollo 16 is the only mission to have landed in the dominantly anorthositic highlands, and therefore the landing site is the only Apollo site to have been exposed to all of the $4.5Ga of lunar history. Previous research regarding the basin(s) that may have been responsible for the modification of the Descartes region focused on the large, relatively young Imbrium basin and the older, closer Nectaris basin [Head, 1974; James, 1981; Spudis, 1989] . Figure 1 illustrates the main topographic ring and distances to the Apollo 16 site for the Nectaris, Serenitatis, and Imbrium basins.
[11] The spatial relationship between the Apollo 16 site and these large and relatively close basins is clearly important for understanding the geologic history of the site. However, for completeness we must also consider the effects of the other 40 basins on the regolith at the Apollo 16 site. The location of the main topographic ring of all 43 recognized basins, as well as the location of the Apollo 16 landing site (indicated with a star) are identified in Figure 2 . Each of the 43 basins is assigned a number corresponding to its place in the stratigraphic sequence as defined by Wilhelms [1987] , where 0 corresponds to the oldest basin (SPA) and 42 represents the most recent basin (Orientale). The stratigraphic number and diameter of the main topographic ring for each basin is provided in Table 1 . Given the number of basins and the complex cratering history of the lunar surface, determining the source of specific materials in the Apollo 16 regolith presents an imposing task.
[12] It is instructive to compare the site in the middle of the southern farside (SPA-1) studied by both Haskin et al.
[2003b] and Petro and Pieters [2004a] with the nearside highlands (Apollo 16). Both the SPA-1 and Apollo 16 sites are located in broadly similar terranes. The SPA-1 site, like Apollo 16, is significantly cratered and situated in a region that has not been modified by the emplacement of mare basalt. However, on the basis of their spatial relationship to basins, the Apollo 16 site and SPA-1 have had distinctive geologic histories, and therefore the megaregolith produced at each site due to basin modification has most likely evolved quite differently. This relationship is illustrated in Figure 3 , where the main topographic ring diameter as well as the distance from Apollo 16 and SPA-1 is identified for each basin. At SPA-1, most of the large (>600 km diameter) basins are located greater than 90°from this site (i.e., they are in the opposite hemisphere). In comparison, the relationship between the basins and the Apollo 16 site reveals that there are many large, young basins close to the Apollo 16 site. Indeed, most of the basins greater than 600 km in diameter are within 90°of the site. The proximity of the Imbrium, Nectaris, and Serenitatis basins to the Apollo 16 site (Figures 1 and 3a) suggests that contributions from these large basins played a major role the evolution of the surface there. [Spudis, 1993] and distance to the Apollo 16 site from the Imbrium, Serenitatis, and Nectaris basins are given (in kilometers).
petrographic and geochemical analysis of Apollo 16 samples, Stöffler et al. [1985] concluded that there are two distinct geologic units at the Apollo 16 site. Each unit represents primary basin ejecta materials, with one from the Nectaris basin and one from the Imbrium basin. Ejecta from the Nectaris basin were identified as being highly feldspathic and KREEP-free, while the Imbrium deposits were identified as KREEP-bearing polymict-breccias. It is clear that the considerable debate regarding the modification history of the Apollo 16 site has generated several viable hypotheses. Our modeling of the Apollo 16 regolith is intended to place constraints on the likelihood of finding materials from any of the nearby basins in the sample collection.
Basin Ejecta Mixing Model for Apollo 16
[14] The basin ejecta mixing (BEM) model by Petro and Pieters [2004a] considered the effect of 42 basins identified by Wilhelms [1987] and Spudis [1993] on the development and composition of the megaregolith at a location inside the South Pole-Aitken Basin. The model utilized several parameters, namely the mixing parameter (m) of Oberbeck et al. [1975] and the ejecta thickness equation of Pike [1974] . The model assumes that the emplacement of basin ejecta creates a mixed zone where foreign material mixes homogeneously with the local surface. The ejecta scaling equation of Housen et al. [1983] was not used in the initial model. Comparisons are made between the Pike [1974] and Housen et al. [1983] models in section 4.2. Different combinations of BEM model parameters for basins result in variations in the amount of foreign material introduced to a site, which in turn results in differing estimates of the composition of the regolith.
[15] The transient crater size for each basin is integral in determining the amount of basin ejecta introduced to a site. Petro and Pieters [2004a] evaluated three estimates of transient crater size for each basin (a minimum, mean, maximum). The size estimates for all basins were derived Spudis [1993] given in stratigraphic order with oldest at the top [Wilhelms, 1987] . Example of the calculation of the total non-indigenous or foreign regolith component (FRC) and the regolith component (RC) from specific basins in the Apollo 16 regolith. This scenario used the Pike [1974] ejecta thickness equation, the modified m/2 parameter, and the mean* transient crater sizes for all basins.
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PETRO AND PIETERS: PROVENANCE OF THE APOLLO 16 REGOLITH from the size for transient craters of 10 basins described by Wieczorek and Phillips [1999] . A fourth group (mean*) was defined as the mean transient crater size for the 32 basins not explicitly described by Wieczorek and Phillips [1999] along with the transient crater size for the 10 basins that they defined. The magnitude of the Oberbeck mixing parameter m was also varied systematically to examine the effects of a reduced degree of mixing between the ejected material and the target. Each combination of the various parameters produces three estimates: the total amount of foreign material introduced to the site from basin ejecta, the maximum depth of the mixed zone due to the incoming ejecta, and the proportions of basin-derived and original in situ material in the megaregolith. For each basin-forming event, the depth of the mixed zone at a site is determined by the product of the amount of ejecta introduced to the site and the mixing value (m) used. These values are recalculated after each basin event so as to describe the nature of the megaregolith during its evolution.
[16] We have applied the BEM model to the Apollo 16 site to evaluate the nature of the regolith at that site. An example of the mixing process with one set of parameters, [Spudis, 1993] and their distance to (a) the Apollo 16 site and (b) the SPA-1 site. Numbers refer to the basins listed in Table 1 . After Petro and Pieters [2004a] .
highlighting selected basin events, is illustrated in Figure 4 . The scenario in Figure 4 utilized the Pike [1974] ejecta scaling equation, mean* transient crater sizes, and a modified (reduced) form of the Oberbeck et al. [1975] mixing ratio called ''m/2'' (see section 4.1). The depth of mixing at the Apollo 16 site and the amount of material in the regolith derived from each basin immediately following that basin event are illustrated in Figure 4 . It is important to note that the values given for each step in Figure 4 are for the period immediately following the specific basin event labeled and not those of the final proportion of material in the regolith. Each mixed zone consists of the ejecta from that specific basin mixed with preexisting material, which often consists of mixed material from prior basins. For example, the Serenitatis mixed zone incorporates the material from all prior events such as Tranquillitatis and Nectaris as well as crustal material not mixed by prior events. Subsequent events such as Imbrium do not mix as deeply at the site and thus incorporate and mix material only within the Serenitatis mixed zone (which contains material from all previous events).
[17] In subsequent sections we examine the depths of the mixed zone and the amounts of primary basin ejecta in the regolith by systematically varying the parameters that are involved in the basin ejecta mixing model. The calculations for the Apollo 16 site allow us to estimate the total amount of local material derived from ancient preexisting crustal material as well as the abundance of primary ejecta from specific basins, such as from Imbrium, in the present regolith.
Post-Basin Contribution to the Apollo 16 Site: Constraints From the Samples
[18] Analysis of rock or breccia fragments in representative soils allows the relative proportion of different types of material to be measured. Although most of the soil samples from the Apollo 16 site are feldspathic, Korotev [1997] identifies as much as 6% mare basalt material in the <1 mm grain size fraction of the regolith. While this proportion of mare material is a function of the grain size investigated, we assume that it is generally representative of the bulk proportion of mare material in the Apollo 16 regolith. This measurement allows us to estimate the net amount of material introduced to the Apollo 16 site following the period of basin formation [Petro and Pieters, 2004b] . It is important to remember that the amount of mare basalt at the Apollo 16 site only represents a net accumulation of material after billions of years of impact history, during which repeated impacts into the lunar surface both introduced material to the site and removed material from the site. Since the closest mare to the Apollo 16 site is 220 km, Korotev's sample data are in clear contrast to the theoretical prediction of Arvidson et al. [1975] , who estimated that only $1% of regolith would be derived from greater than 10 km from any site on the lunar surface.
[19] Even though the total amount of foreign material, both highland and mare, introduced to the Apollo 16 site after the formation of the basins is not explicitly identified by Korotev [1997] , the measurement of basalt abundance allows the total to be derived. To estimate the total amount of post-basin-formation foreign material (both mare and highland material), we assume that all mare material found at Apollo 16 was introduced after the basins formed. This assumption is based on the fact that both McKay et al. [1986] and Simon et al. [1988] did not find any marederived material in the Apollo 16 ancient regolith breccias. The absence of basalt in ancient regolith breccias implies that mare material was introduced to Apollo 16 following the formation of the Cayley Plains ($3.9 Ga). Zeigler et al.
[2003] identified potential source maria for the basalt fragments found at Apollo 16 based on their composition and remote sensing analyses of the surrounding region. The Zeigler et al. [2003] analysis places compositional limits on potential sources and sets an outmost boundary at $1100 km. Additionally, Zellner et al. [2003] , based on ages of basaltic impact glasses from Apollo 16, suggested that the craters Theophilis and Cyrillus could be sources for a portion of the mare glasses at Apollo 16. The innermost boundary is set by the closest mare to the Apollo 16 site, which is $220 km to the east. The two craters identified by Zellner et al. [2003] are in the source region set by the Zeigler data. This range of source regions is illustrated in [20] Assuming that the source of the Apollo 16 mare basalt is within the rings illustrated in Figure 5 , a proportional amount of surrounding highland material introduced to Apollo 16 over the same period can also be estimated from the areal coverage. Between the 220 and 1100 km rings mare basalt covers $40% of the possible source region. We assume lateral transport operates in a statistically random manner over this entire region for the last $3.9 Ga period. The observed 6% mare basalt thus suggests a total amount of $15% foreign material (derived from 1100 to 220 km) in the present Apollo 16 regolith. A benefit of this method of quantifying cumulative lateral transport is that we are automatically accounting for all craters without specifically having to identify and calculate the contribution from each crater. Note, however, that a small portion ($5%) of the large source region overlies the KREEP-rich terrane identified by Jolliff et al. [2000] , suggesting that postheavy-bombardment cratering may have also introduced a net amount of $1% KREEP-bearing material to the Apollo 16 site unrelated to primary Imbrium ejecta. Furthermore, 55% of the area between 1100 and 220 km from Apollo 16 contains highland material, suggesting that additional KREEP-bearing material (i.e., Imbrium ejecta) could also be introduced to the Apollo 16 site.
[21] On the other hand, if the source of the mare is limited to a smaller closer region (e.g., the region between 220 and 440 km that contains Sinus Asperitatis and the southwestern region of Mare Tranquillitatis) the areal coverage by mare is only 26% and the total amount of foreign material introduced following the formation of the basins could be as great as 23%. In the case of the potentially smaller source regions, almost none of the PKT is covered, suggesting that no post-heavy-bombardment KREEP material would be introduced to the Apollo 16 site. Thus the range of foreign material from distances >220 km introduced to the Apollo 16 site after the formation of the basins is estimated to be $15 to 23%.
Modified Parameters of the Basin Ejecta Mixing Model
[22] Modification of the initial BEM model in order to more accurately bound estimates of the amount of foreign and local material in the regolith is discussed here. We focus on the two parameters that are most important to estimating the amount of foreign and locally derived material in the regolith at the Apollo 16 site: the ejecta mixing ratio parameter and the ejecta scaling model used.
Modified Mixing Ratio
[23] Oberbeck et al. [1975] defined a ratio of locally derived to foreign-derived material in the ejecta from craters. The original mixing ratio is defined by
where R s is the range from the center of the crater to the location of interest. This original equation and several scaled forms of it were initially utilized by Petro and Pieters [2004a] . However, the strict use of this equation may not be the most accurate description for basin ejecta emplacement. Schultz and Gault [1985] found from laboratory-scale cratering experiments that a larger amount of primary ejecta is preserved at the surface than predicted by the mixing model. This strongly suggested that the mixing values predicted by Oberbeck were too large. On the other hand, remote sensing observations of Copernicus anorthositic ejecta mixed with mare basalt [Pieters et al., 1985] and Orientale anorthositic ejecta on surrounding mare basalt [Head et al., 1993; Blewett et al., 1995] appear to be consistent with predictions from the Oberbeck ratio up to a m value of $5.00.
[24] To address these concerns, we compare two series of scenarios of basin ejecta mixing for Apollo 16 megaregolith, one that strictly utilizes the Oberbeck et al. [1975] defined m values and one that uses a modified (lower) value. The two forms of the mixing ratio compared and used here are those that provided model results for SPA-1 in the work of Petro and Pieters [2004a] most similar to the alternate modeling results of Haskin et al. [2003b] . The modified mixing value utilizes the Oberbeck values of m up to 5.00, and values greater than 5.00 are modified by roughly half to address the uncertainty in mixing values. We call this modified mixing ratio ''m/2.'' The modification defined here specifically decreases by half the difference between the Oberbeck calculated m value (from equation (1) 2'' is 15. This has the effect of decreasing the mixing efficiency of the ejected material, resulting in a greater concentration of primary ejecta in the regolith as the ejected material is mixed to shallower depths (see section 4.3 for the depth of mixing calculation). Haskin et al. [2003a] also identified the need to modify the Oberbeck mixing parameter in order to account for a reduced mixing efficiency. It should be noted that several basins located near the Apollo 16 landing site, including the Nectaris basin, have mixing values less than the Oberbeck m value of 5.00 and are not varied in any of the scenarios discussed below.
Amount of Basin Ejecta
[25] For our evaluation of the Apollo 16 site we also compare the Pike [1974] 
where A is a coefficient of value 0.08 as advocated by Wieczorek and Zuber [2001] , e r is the range exponent in the debris profile and has a value of 2.61 (representative of impact into Ottawa Sand) [see Housen et al., 1983] , q is the angle at which the ejecta leave the transient crater (assumed to be 45°), and r* the a nondimensional distance from the crater center. where the variables are the same as in the Pike equation (2). Values of the amount of basin ejecta introduced to a site determined using the Housen et al. equation are on average less than those predicted by the Pike equation. It is important to note that for both ejecta models, the final estimates of the amount of basin ejecta introduced to the Apollo 16 site are corrected in our calculations to account for the curvature of the Moon. This correction has the effect of increasing the estimated amount of material introduced to Apollo 16 when compared to equations (2) and (4).
Depth of Mixing and Proportion of Basin Material in the Megaregolith
[26] In the BEM model, the depth of the mixed zone is calculated for each event and is created by the emplacement of basin ejecta. The depth of mixing (DoM) was initially defined by Petro and Pieters [2004a] as the depth to which foreign material is mixed with the locally derived material.
It was assumed that the mixing occurs homogenously throughout the mixed zone for each basin. In section 5 we will discuss the implications of such an assumption on the concentration of material at and near the surface. The value for the depth of mixing is the product of the mixing parameter used, either m or m/2, and the amount of ejecta introduced to the location (from equations (2) or (4)). The effect of modifying the mixing parameter decreases the depth of mixing but since the amount of material remains the same, the BEM model predicts a greater concentration of foreign material near the surface for the scenarios that utilize the m/2 parameter.
[27] The calculation of the proportion of basin material follows from the method described in Petro and Pieters [2004a] . At the location of interest on the lunar surface, the DoM and the proportion of foreign and locally derived material involved in the mixing are calculated for each basin event. The effects of all 42 basin events are calculated in the stratigraphic sequence defined by Wilhelms [1987] , with the proportion of locally derived material in the megaregolith being continuously updated after each event. Following the youngest basin, the total amount of foreign material in the megaregolith is calculated (e.g., foreign regolith component, FRC, in Table 1 ). In a similar fashion, the resulting proportion of material in the megaregolith derived from a specific basin is calculated after each subsequent event.
Results of BEM Model for Apollo 16
[28] Using the BEM model with the parameters discussed above, we estimated the proportion of various components in the regolith at the Apollo 16 site. The specific contribution from the Nectaris, Serenitatis, and Imbrium basins were estimated in addition to the contribution of material from the remaining 39 basins. We first assess the character of the regolith assuming basin ejecta mixes homogeneously with local material during emplacement. This is the approach taken by Petro and Pieters [2004a] for SPA-1. We then assess the case when no mixing occurs during emplacement. These two end-member cases should bound what happens in reality. The specific effects of the SPA basin are excluded from these analyses because the scale of the basin forming event is so much greater than the other events that it dominates pre-Nectarian history.
Regolith Model With Homogeneous Mixing
[29] We calculated 12 scenarios for the Apollo 16 site for all basins using three estimates of transient crater size, two sets of mixing values, and two models for the amount of crater ejecta introduced to the site. In each of the 12 scenarios, we calculated the abundance of primary Nectaris, Serenitatis, and Imbrium ejecta, the amount of material from all other basins, and the amount of ancient crustal material present in the regolith immediately following the formation of the basins. The abundances of these five components at the end of the basin-forming period are illustrated in Figure 6 for each of the 12 scenarios. The abundances illustrated in Figure 6 are only for basin events and do not include the lateral transport effects of smaller cratering events that occurred following the period of basin formation. The numerical results of four representative scenarios are given in Table 2 . Detailed results for one E09005 PETRO AND PIETERS: PROVENANCE OF THE APOLLO 16 REGOLITH sequence (indicated with an arrow in Figure 6 ) are listed in Table 1 .
[30] The percentages of material from the Nectaris, Serenitatis, and Imbrium basins are generally self-consistent throughout all scenarios regardless of which ejecta thickness model is used, particularly amongst the scenarios with the same mixing values. The largest variation ($3%) in the estimates of basin material present occurs between comparisons of models using different mixing values. The estimates of the relative amount of Imbrium and Serenitatis material among all scenarios are generally very similar to each other. The calculations for Nectaris are a special case. The Nectaris basin is the oldest of the three basins specifically examined here [Wilhelms, 1987; Spudis, 1993] that leads to basin ejecta from Nectaris being modified to the greatest degree by all subsequent basin-mixing events. Additionally, Nectaris is located close to the Apollo 16 site (Figure 1) , which results in a mixing value less than 5.00 (as determined from equation (1)). Because the mixing value is less than the Oberbeck m value of 5.00, the same value is used throughout all scenarios. The lack of variation of the mixing parameter for Nectaris in these examples means that any variation in the final amount in the regolith is due to modification by later basins. Conversely, because Imbrium received little modification by subsequent basins, the only variation in the estimate of the amount of Imbrium ejecta is due to the mixing values used.
Regolith Model With No Mixing
[31] We also explore the end-member in which no mixing occurs during the emplacement process. Such a scenario represents the opposite end of the mixing spectrum when compared to homogenous mixing. Sample data can then be used to constrain the approximate magnitude of mixing that occurs. When no mixing occurs during emplacement, basin material is deposited as individual discrete units. A comparison of simple layered basin ejecta emplacement (no mixing) with the homogeneous mixing example presented in Table 1 is illustrated in Figure 7 . For the no mixing endmember (Figure 7 , left), basins that contributed more than 50 m of material to the Apollo 16 site are labeled and other basins whose contribution is less than 50 m are grouped together. To the right of this illustration is a similar scenario that assumes homogenous mixing (which follows from the example in Figure 4) . The values for the cumulative amount of ejecta involved in Figure 7 are the same for both endmembers and are given in Table 1 . Any dilution of surface materials that occurs in the no mixing case is a result of subsequent regolith gardening and the formation of craters. In the no mixing end-member case, Imbrium-derived material is concentrated in the near surface and would be only diluted by materials from other basins that underlies the Imbrium deposit by post-Imbrium cratering. The thickness of the ejecta is dependant on the ejecta model used and size of the transient crater.
Geochemical Components in the Apollo 16 Regolith
[32] An analysis of lunar soil from the Apollo 16 site by Korotev [1997] presents specific estimates for the Figure 6 . Pie charts illustrating the different components estimated to be in the Apollo 16 megaregolith as determined by the various scenarios discussed here. Ancient crustal materials are defined as being material derived from the ancient crust plus material introduced to the site by the South Pole-Aitken Basin. Other represents ejected material from the other 39 basins not otherwise specifically addressed. Arrow indicates scenario described in Table 1 and featured in Figure 4 and Figure 7 , left. relative abundance of identifiable components sampled there. Of particular relevance to this study of basin ejecta mixing is Korotev's estimate of the abundance of ejecta assumed to be derived from the Imbrium basin. Korotev [1997] analyzed soil and regolith particles sampled by Apollo 16 to determine the relative proportions and provenances of the various components in the regolith. He concluded that between 25 and 32% of the regolith is derived from primary Imbrium ejecta based on the proportion of KREEP-bearing mafic impact-melt breccias in the samples. Imbrium basin-derived materials are believed to be readily identifiable because of the unique geochemical signature of the Imbrium region and therefore Imbrium ejecta [Haskin, 1998; Haskin et al., 1998; Jolliff et al., 2000] . Korotev classified all KREEP-bearing mafic impact-melt breccias in the Apollo 16 regolith as being derived from Imbrium ejecta. These mafic impactmelt breccias are the most enriched in both Th and Sm of all the materials sampled at the Apollo 16 site, which is regarded to be a consequence of the composition of the target material at the Imbrium basin.
[33] Korotev [1997, p. 471] described the remaining components in the regolith, concluding that 64% of the regolith at Apollo 16 is composed of ''prebasin surface materials'' and $6% is mare basalt material. Korotev defines the prebasin surface material to be ''lithologies that existed at or near the surface of the Moon $4.0 Ga ago and their brecciated derivatives.'' This component thus represents materials derived from the 40 pre-Imbrium basins (including Serenitatis and Nectaris) as well as prebasin materials from the original lunar crust. Because basins other than Imbrium apparently did not form in geochemically unique regions of the Moon, the identification of their ejecta in the Apollo 16 regolith is not as straightforward. The components in the Apollo 16 regolith identified by Korotev are summarized in Table 3 . These values can be compared, with caution, to our model estimates for the amount of primary Imbrium material in the Apollo 16 regolith.
Discussion and Conclusions
[34] The analysis by Korotev [1997] of Apollo 16 soil samples presents a geochemical estimate of the abundance of material derived from the Imbrium basin. This estimate is based on an apparent relationship between the Imbrium basin and KREEP-bearing materials [Haskin, 1998 ], but how is the abundance of Imbrium material at Apollo 16 estimated by Korotev related to the basin ejecta mixing modeling presented in section 5? A comparison of the Korotev estimates from samples with two BEM model end-members (no mixing case versus homogeneous mixing, illustrated in Figure 7 ) may reveal which ejecta emplacement model is more likely.
[35] The BEM model that assumes homogeneous mixing of the megaregolith predicts that the regolith at the Apollo 16 site contains roughly between 50 and 60% local ancient crustal material (material from the ancient primary crust and post-SPA deposits, but prior to the later 42 basins), $10% material from each of the Imbrium, Serenitatis, and Nectaris basins, and between 10 and 20% from all other basins combined. The specific contributions from each source are listed in Table 2 . The results of the Haskin model [Haskin et al., 2003a] are similar to the homogeneous BEM model presented here despite the differences in the model approach as well as the number of basins investigated. The amount of primary Imbrium material estimated by Haskin et al. [2003a] at Apollo 16 is 18%, but the relative proportion of material from Imbrium, Serenitatis, and Nectaris is essentially the same as is estimated in the homogeneous mixing BEM model.
[36] In the no mixing BEM case, Imbrium material is highly concentrated near the surface. If the minor contribution of material from both the Orientale and Schrödinger basins (Table 1) is ignored, then immediately following the period of basin formation, the surface at the Apollo 16 site consists entirely of Imbrium-derived material.
[37] Regolith gardening and post-basin-formation contributions by lateral transport will reduce the absolute abundance of all basin materials, regardless of which basin ejecta mixing model is used. For example, if we use the more conservative estimate of post-basin-formation lateral transport discussed in section 3.2 (15%), then the proportion of Imbrium material at the surface of the Apollo 16 site would be $9% in the homogeneous mixing case and 85% in the no mixing case.
[38] The application of the BEM model to the Apollo 16 landing site allows us to evaluate whether the Imbrium or Nectaris basin (or both) most significantly modified the geology of the Apollo 16 region. Because the Imbrium basin was the last major basin to have formed near Apollo 16 (Figures 1 and 2) we expect that it would have significantly modified the surface. However, if completely homogeneous mixing is assumed, Imbrium ejecta do not dominate the foreign component in the regolith and the proportion of Imbrium, Nectaris, and Serenitatis-derived material is roughly equal (Table 2) . Immediately following the formation of the Nectaris basin, Nectaris ejecta is estimated to have been $21% of the Apollo 16 regolith; however, the following 14 basins and subsequent catering reduced its proportion of the regolith by roughly half (Tables 1 and 2 ). In terms of total amount of material, the Serenitatis basin is estimated to have contributed more material to the Apollo 16 site than Imbrium and Nectaris (Table 1 and Figure 7 , left). Because of its age and subsequent events the proportion of material remaining in the upper regolith has been reduced. The results of the homogeneous mixing case in the BEM model indicate that the Imbrium, Nectaris, and Serenitatis basins contributed significantly to the development of the megaregolith, but all three are predicted to be in roughly equal proportions of the regolith today.
[39] Korotev's estimate of the amount of Imbrium material at Apollo 16 falls between the two end-member mixing cases but is closer to the homogeneous mixing case. At least three options can account for the difference between the sample estimates and the BEM models, all of which could help bring the models and sample data into agreement. One, a smaller mixing ratio with homogeneous mixing would predict a higher amount of Imbrium material at Apollo 16. Two, a gradient in the mixing that occurs during ejecta emplacement would concentrate Imbrium material near the surface. Three, the estimate from samples is overly high because it incorporates material compositionally similar to Imbrium ejecta that was introduced to the Apollo 16 site by other, subsequent craters. These options are discussed below.
[40] The use of a smaller mixing ratio in the BEM model reduces the depth to which foreign material mixes during ejecta emplacement and concentrates the foreign material closer to the surface. This would have the effect of increasing the proportion of all basin-derived material in the regolith therefore reducing the amount of ancient crustal material. If a mixing ratio 1/3 the m value of Oberbeck (equation (1)) were employed in the BEM homogeneous mixing model, the amount of Imbrium-derived material in the Apollo 16 regolith would be $25%, in agreement with the Korotev estimate. However, recall that m values up to 5.00 appear to be consistent with remote measurements [Pieters et al., 1985; Head et al., 1993; Blewett et al., 1995] . While reducing m values by 1/2 -1/3 may satisfy the geochemical estimate for Imbrium derived material at Apollo 16, such a reduction may not be appropriate for all applications.
[41] A gradient of ejecta mixing could also concentrate foreign material in the near surface. This might be accomplished if there is a significant difference in velocity of arriving material. The early arrival material would mix deeper and later arrival material would mix to shallower depths. The scale of such a gradient is largely unconstrained and would require a number of additional assumptions and parameters if it were to be incorporated into a BEM model.
[42] The Korotev estimate of Imbrium-derived material in the Apollo 16 regolith is a measure of material with compositional properties associated with the Imbrium basin, but not necessarily material introduced to the Apollo 16 site by the Imbrium event. In addition to the Imbrium ejecta component contributing KREEP-bearing mafic impact-melt breccias to the Apollo 16 site, lateral transport of material from the PKT by neighboring basins and/or subsequent impacts have likely contributed compositionally similar impact materials to the site, potentially resulting in an overestimate of Imbrium ejecta using the criteria of Korotev.
[43] Actual basin ejecta mixing is likely to be some combination of the above three options. At locations other than Apollo 16, with no ground truth data, a combination of a smaller mixing ratio with a gradient of mixing can be expected to characterize megaregolith evolution. It is clear that, in light of the sample data available, mixing between basin ejecta and local material must occur to a significant degree. The BEM model with homogeneous mixing is very useful when assessing the relative proportion of material derived from specific basins in the regolith. In this case, the degree of mixing can be approximated by a factor of 2 -3 smaller mixing ratio than modeled by Oberbeck or by a gradient of mixing with depth (or by a combination of both). However, determining the absolute proportion of material derived from one or more basins may not be completely constrained by the BEM model. Additionally, the BEM model without mixing can be used when assessing the overall spatial distribution of total basin-derived material across the lunar surface. The combined analysis presented here does not address whether assessment of regolith evolution should incorporate the ejecta model of Pike [1974] or of Housen et al. [1983] . Although the absolute amount of material redistributed across the Moon and the resulting depth of mixing differs substantially between the two ejecta models, the relative proportion of basin-derived material in the regolith is approximately the same for both if homogeneous mixing is assumed.
[44] In summary, the BEM model is used to assess the effects of large-scale crustal evolution and predict the provenance of components in the Apollo 16 regolith. Such a model allows for the relative proportions of basin-derived material present in the regolith to be estimated by quantifying the relative effects of basin formation and post-basinformation lateral transport. Use of the BEM model in connection with lunar sample data has constrained uncertainties in the degree of mixing that occurs during ejecta emplacement. For global-scale issues it appears appropriate to use a mixing ratio less than the Oberbeck defined m. We suggest m/2 is reasonable for assessing global regolith issues. With these constraints the BEM model can be used to examine the character of diverse locations across the entire lunar surface.
